ᮀ Acrylonitrile(AN) is a neurotoxin both in animals and humans, but its effects on acetylcholinesterase (AChE) activity remain controversial. This study aimed to determine the dose-response effects of AN on AChE activity and the modulatory role of ethanol pretreatment. A total of 144 Kunming mice were randomly divided into 18 groups: nine groups received 5% ethanol in their drinking water, and the remaining nine groups received regular tap water. One week later, both the ethanol and tap water only groups were given an intraperitoneal injection of AN at the following doses: 0 (control), 0.156, 0.3125, 0.625, 1.25, 2.5, 5, 10 or 20 mg AN/kg body weight. AChE activity was determined on whole blood and brain 24 h later. Blood AChE activity was higher in AN-injected mice than in controls at all doses. AChE activity in blood increased in a dose-dependent manner, peaking at 0.156 mg/kg, after which a gradual decrease ensued, displaying a β-typed dose-response relationship. In contrast, brain AChE activity, following a single AN injection, was consistently lower than in control mice, and continued to fall up to a dose of 0.313 mg/kg, and thereafter increased gradually with higher doses. Mice receiving a 20 mg/kg dose of AN exhibited AChE brain activity indistinguishable from that of control mice, demonstrating a typical U-typed dose-response relationship. The activity of AChE in the blood and brain of the AN + ethanol-treated groups displayed a shift to the right, and the magnitude of the decrease in AChE activity induced by AN was attenuated relative to the AN-only group. These results suggest that AN affects AChE activity in both mouse blood and brain in a hormetic manner. Pretreatment with ethanol modifies the effect of AN on AChE, indicating that parent AN has a more prominent role than its metabolites in modulating enzyme activity. and was inversely proportional to the dose, and at 20 mg/kg AN, brain AChE activity was indistinguishable from that of controls (Fig. 3) .
INTRODUCTION
Acrylonitrile (AN) is a volatile, toxic liquid monomer that is widely used in the manufacture of synthetic rubber, styrene plastics, acrylic fiber, and adhesives. Globally, about 9 billion pounds of AN are produced annually (AN Group 2011) . Workers can be exposed to high AN levels in industrial settings during the production and polymerization of the compound. For the general population, accidental explosion or leakage during transportation, and cigarette smoking, pose the greatest exposure risk (IARC 1999) . Health care professionals, including surgeons, may also be exposed to low levels of AN during laparoscopic surgery (Wu et al. 1997; Chung et al. 2010) .
AN is an acute neurotoxin in rodents and humans (Ahmed and Farooqui 1982; Ghanayem et al. 1991; Chen et al. 1999) . In animals, ANinduced neurotoxicity presents in two distinct phases (Ahmed and Farooqui 1982; Ghanayem et al. 1991) . The first phase occurs shortly after exposure, reaching a nadir 1 h later, and can be attenuated with atropine pretreatment. This initial phase is consistent with cholinergic overstimulation, with symptoms of excessive salivation, lacrimation, chromodacryorrhea, polyuria, miosis, vasodilatation of the face, ears and extremities, increased gastric secretion, and diarrhea. The second phase occurs 4 (or more) h later, and is characterized by signs of central nervous system (CNS) dysfunction, including tremor, ataxia, convulsions, lethargy, and respiratory failure (Ghanayem et al. 1991) .
AN administration causes cholinergic toxicity (Fanini et al. 1985; Ghanayem et al. 1985; Ghanayem et al. 1991) , resembling that caused by acetylcholine (ACh) mimetics or AChE inhibition (Ahmed and Farooqui 1982; Ghanayem et al. 1991; Zabrodskii et al. 2000a, b) . These effects can be inhibited by atropine, a muscarinic receptor antagonist, suggesting the involvement of the cholinergic system in AN-induced neurotoxicity (Ghanayem et al. 1991) . In humans, AN toxicity frequently presents as headaches, dizziness, convulsions, nausea, vomiting, abdominal pain, chest tightness, cough, and dyspnea (Chen et al. 1999) . These symptoms appear to be due to disturbances of the CNS and the respiratory, digestive, and cardiovascular systems.
AN exposure also affects the peripheral nervous system (PNS). Acute exposure results in increased gastrointestinal (GI) motility and tracheal smooth muscle contraction, both of which appear to be due to cholinergic excitation (Satayavivad et al. 1991) . The enhanced motility can be attenuated by pretreatment with cisapride, a drug that promotes ACh release from GI cholinergic plexus, which is part of the PNS. In addition, a high dose of AN (80 mg/kg) produces tremors in rats, similar to those seen after exposure to muscarinic agonists (Ghanayem et al. 1991) . Furthermore, AN-treated animals display motor hyper-responsiveness to atropine (Satayavivad et al. 1998 ), suggesting that down-regulation of muscarinic receptors in the CNS may be involved in AN toxicity.
Despite accumulating research, the effects of AN on AChE activity in the brain and other tissues remain controversial and unclear. Xiao and Li H. Yuanqing and others reported that AN inhibits AChE activity in humans and mice, respectively (Li 1996; Xiao 1999) . Our previous study also showed that AN can inhibit AChE activity in the cerebral cortex and hippocampus (Wang et al. 2004 ). However, Satayavivad et al. (1991 Satayavivad et al. ( , 1998 failed to observe an inhibitory effect of AN on AChE, and they suggest that the cholinomimetic effects of AN might be due to its ability to stimulate the release of ACh from presynaptic cholinergic fibers. Chantara and colleagues found that AN did not directly effect muscarinic receptors (Chantara et al. 2006 ). Furthermore, studies using primary cultures of neural cells, including neurons and glia, showed that, although AN can selectively damage cholinergic neurons, AChE activity was unaffected (Dorman et al. 1996) .
In this study, we investigate the mechanisms responsible for ANinduced changes in AChE activity. We explore the effects of AN on AChE activity in both whole blood and brain of mice. We also examine the effects of AN on AChE activity following pretreatment with ethanol, an inducer of cytochrome P450 2E1, an enzyme that metabolizes AN (Sumner et al. 1999; Daiker et al. 2000; Wang et al. 2002) . A major objective of this study was to determine the role of parent AN and the effects of its modified metabolism (with ethanol pretreatment) on cholinergic over-stimulation. Our results revealed that AN at different doses produces divergent AChE activity response. These results merit careful consideration in handling intoxicated patients with differential AN exposures, when anti-cholinergic antidotes are considered.
MATERIALS AND METHODS

Chemicals, animals, and treatments
AN (99% pure) was obtained from the Acrylonitrile Plant of Shanghai Petrochemical Company (Shanghai, China). Male Kunming mice, weighing 19-21 g, were obtained from the Laboratory Animal Center of Jiangsu University. Before and during testing, animals were housed in a controlled temperature (22 ± 2 °C) room with a 12 h light/dark cycle and were acclimated for at least 1 week prior to experimentation. Animal care was consistent with the guidelines set by the Laboratory Animal Committee of Jiangsu University. Animals received food and water ad libitum. Prior to experimentation, a total of 144 mice were individually weighed and randomly assigned into 18 groups. The first nine groups were administrated 0 (normal saline), 0.156, 0.3125, 0.625, 1.25, 2.5, 5.0, 10, or 20 mg/kg AN by intraperitoneal (i.p.) injection in the absence of anesthesia. The other nine groups were pretreated with 5% ethanol in their drinking water for one week prior to the administration of AN. Injections were administered between 8:00 and 10:00 AM.
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Tissue samples
Animals were decapitated 24 h after AN injection. Blood was collected in heparin-coated tubes. The tubes were gently inverted several times to distribute the anticoagulant. Brains were quickly excised, rinsed with ice-cold normal saline, and frozen at -70°C for biochemical analysis.
Gross behavioral observations
Behavior was evaluated by three personnel blind to animal treatment. Immediately after AN or vehicle injection, each mouse was placed in an individual cage and symptoms such as salivation were observed by an individual blind to the various treatments.
Biochemical assays for AChE
Brain samples were homogenized (1:9, w/v) in cold buffer (pH 7.4, 10 mM tris-HCl, 0.1 mM EDTA-Na 2 , 0.8% NaCl, 10 mM sucrose) with a glass hand-homogenizer. AChE activity was determined as described by Ellman et al. (1961) in 2 mL assay solution containing 100 mM phosphate buffer, pH 8.0, and 1.0 mM 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) at 25 °C. Fifty μL of diluted homogenate (30-50 µg protein) was added to the reaction mixture and incubated for 3 min. Hydrolysis was monitored by the formation of the thiolate dianion of DTNB at 412 nm for 2-3 min with a spectrophotometer (Model 722, Shanghai Xinmao Instrument Co. Ltd., Shanghai, China). All samples were analyzed in duplicates or triplicates. One unit (U) of enzyme activity was defined as 1 micromole of ACh hydrolyzed per min and per mg of brain homogenate or per ml of blood (pH 8.0, 25 °C).
Cytochrome P450 2E1 (CYP2E1) activity
Hepatic CYP2E1 activity was measured to confirm its induction by ethanol. CYP2E1 activity analysis was based on the rate of oxidation of pnitrophenol (PNP) to p-nitrocatechol, initiated by NADPH according to the methods as reported in our previous studies Suhua et al. 2010) . Briefly, liver homogenate (10%) was prepared in chilled potassium phosphate (5 mM; pH 7.4) then centrifuged at 11,800 μg for 20 min at 4°C. The supernatant (1.5 ml) was added to ice-cold CaCl 2 (final concentration: 8 mmol/L) and, 30 min later, was centrifuged at 11,800 μg for 20 min. The resulting pellets (microsomes) were resuspended in 50 mM sodium phosphate buffer (pH 7.4) and kept at -80°C for further study. The activity was determined in a final volume of 500 μl containing 100 µg liver microsomes, 100 mM potassium phosphate, pH 6.8, 0.1 mM PNP p-nitrophenol, 1 mM NADPH and 5 mM MgCl 2 followed by incubation at 37°C for 30 min. The reaction was terminated by the H. Yuanqing and others addition of 100 μl of chilled trichloroacetic acid (20%, w/v) and centrifuged at 10,000 μg for 5 min. After vortexing and centrifugation, 100 µl of the supernatant was added to a 96-well plate with 50 µl of 10 M sodium hydroxide. The plate was read at 550 nm and quantified by reference to p-nitrocatechol standards. The reaction was performed with 100 µg of liver microsomal protein for 30 min at 37°C. The results are expressed as nmol products per minute per mg of microsomal protein.
Protein estimation
The protein concentration of the samples was determined with the BCA kit from Bio-Rad Laboratories Inc. (Hercules, CA, USA). Standards and blanks were assessed simultaneously.
Statistical analysis
The t-test was applied to determine the difference hepatic CYP2E1 activities between ethanol pretreatment and tap water controls. Analysis of variance (ANOVA) coupled with a post hoc Student-Newman-Keuls test was carried out to evaluate the effects of the various treatments on AChE activity. Statistical significance was set at p < 0.05.
RESULTS
Effects of ethanol pretreatment on hepatic CYP2E1 activity
As shown in Table 1 , ethanol pretreatment significantly enhanced hepatic CYP2E1 activity to ~150% of control values (t=8.02, degrees of freedom=8, p <0.05).
Gross behavioral changes
All AN-treated mice exhibited salivation and reddish ears, noses and paws. Treatment with AN doses greater than 2.5 mg/kg resulted in a generalized wet appearance, reflecting excessive sweating. AN-induced hyperactivity commenced within 5 min post injection; this was followed 30 min later by general hypoactivity. A single mouse in the 20 mg/kg sin- gle-AN injection group died, as did another mouse in the 20 mg/kg AN + ethanol group. No alteration in behavior was observed in mice drinking ethanol alone. In addition, no marked difference in behavior was observed between AN alone and AN + ethanol groups.
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Effects of AN on blood AChE activity and its modulation by ethanol
As shown in Figure 1 , blood AChE activity significantly increased (14-16%) over control levels when animals were treated with a single injection of AN (0.156-1.25 mg/kg) (F (8, 53) = 9.6, p<0.05). At higher doses, AChE activity did not significantly exceed control levels, with only an 8% elevation at 20 mg/kg AN.
The modifying effect of ethanol pretreatment on blood AChE activity is shown in Figure 2 . A comparable dose-response curve was seen when animals were allowed to drink ethanol ad libitum prior to AN treatment, and significant increase was observed at the dose of 0.313 mg/kg compared to controls (F (8, 53) = 6.84, p<0.05). There was no significant difference in the per-dose response of animals treated with AN and AN + ethanol (data not shown).
Effects of AN on brain AChE activity and its modulation by ethanol
Systemic treatment with AN (0.156-5 mg/kg) markedly depressed brain AChE activity relative to that of control mice (F (8, 53) = 43.08, p<0.05) (Fig. 3) . The lowest level of activity (45% of control) occurred at 0.313 mg/kg of AN. At higher doses, AChE activity decreased stepwise, curve was broadly similar to that of mice not given an ethanol pretreatment, although the nadir was at 0.3125 mg AN/kg, when AChE activity was 75% that of control. Brain AChE activity was also depressed by 0.625 mg AN/kg. AChE activity was similar to controls at 1.25 mg. From 1.25 to 5.0 mg AN/kg AChE activity rose and exceeded control values. At doses greater than 5.0 mg/kg, brain AChE activity declined again and was indistinguishable from that of controls at 10 and 20 mg AN/kg (Fig. 4) .
DISCUSSION
Although cholinergic overstimulation is observed in AN-intoxicated animals and humans (Ghanayem et al. 1991; Chen et al. 1999) , the mechanisms by which AN affects the cholinergic system remain unclear. AN has been shown to affect both the central and peripheral cholinergic systems in vivo. AN inhibits AChE, enhances ACh release from presynaptic cholinergic fibers, and increases the agonist-binding affinity of the ACh receptor (Ghanayem and Ahmed 1986; Ghanayem et al. 1985 Ghanayem et al. , 1991 Satayavivad et al. 1991; Li 1996; Xiao 1999; Wang et al. 2004; Chantara et al. 2006) . However, very little information is available on the role of AN and its metabolites in mediating the cholinergic effects.
The dosing regimen used in this study produced different patterns of change in AChE activity in blood and brain. AChE activity was differentially affected by a single systemic dose of AN. Specifically, while AN caused an increase in AChE activity at a low dose in blood, a decrease in AChE activity was observed in the brain with a similar AN treatment. While changes in AChE activity in blood were small (AN) or non-significant (AN + ethanol), those in the brain approached a 50% (AN) and a 30% (AN + ethanol) loss of enzyme activity. Satayavivad et al. (1991) have suggested that alterations in AChE activity following AN exposure are secondary to AN-stimulated ACh release. They also suggest that AN directly affects AChE activity by interacting with cysteine residues in the enzyme.
The explanation for the differential effect of AN on blood vs. brain AChE activity is unknown. In this study, the central cholinergic system appears to have been more severely affected by AN. This result is consistent with the observation that the two common forms of atropine have differential effects on cholinergic toxicity. Atropine methylbromide, which mainly blocks peripheral parasympathetic receptors, provides less protection against cholinergic excitotoxicity than atropine sulfate. The latter can block both central and peripheral parasympathetic receptors (Ghanayem et al. 1991) .
The results from the AChE activity measurements demonstrate that the effects of AN are dose-dependent. It is known that low levels of toxins can elicit a compensatory response and that this process can lead to hormetic, biphasic dose-response relationships. Hormetic effects are often observed at low doses, below the no-observed-effect-level (NOEL; Calabrese and Baldwin 2001; Calabrese 2004) . The classic pharmacological approach to examining dose-response relationships has been subject to criticism in an increasing number of studies demonstrating the importance of hormesis (Murado and Vasquez 2007) . Because hormesis is generally characterized by low-dose stimulation and high-dose inhibition (Calabrese and Baldwin 2001) , it is likely that short-term exposure to a low concentration of AN initiates a compensatory reaction that leads to a temporary increase in cholinesterase activity.
The biphasic alteration of AChE activity observed in the brain of mice after a single dose of AN is similar to earlier reports on AChE activity in the brains of rats exposed to aluminum (Gulya et al. 1990; Kumar 1998 Kumar , 1999 Zatta et al. 1994 ). However, our study is the first to report ANinduced bidirectional changes in AChE activity in both blood and brain of mice. In our study, the increase in AChE activity at lower doses may be due to a compensatory or protective physiological response to toxin exposure. Continuous exposure to AN may exceed the cells' ability to overcome the stress, thereby leading to a decrease in enzyme activity. Although the effect of low-level exposure to AN on AChE activity was minor, the imbalance may still affect peripheral and central cholinergic functions. Further investigation is necessary to clarify the effects of acute AN treatment on other members of the cholinergic system, including acetylcholine and its synthetic enzyme, choline acetyltransferase.
Our study suggests that AN targets blood and brain AChE differentially. Differences in binding characteristics (e.g., bimolecular binding rate constants) of each of the AChE enzymes may account for this effect, or it may reflect differences in the accessibility of AN to the enzyme (e.g., AN may have less access to AChE in blood compared to brain). However, understanding the mechanisms underlying these differences requires further investigation.
The rightward shift of the biphasic dose-response curves following ethanol pretreatment suggests that the parent chemical is primarily responsible for the observed cholinergic dysfunction. Ethanol pretreatment induces CYP 2E1 activity (Daiker et al. 2000) , which has been shown to play a critical role in the bioconversion of AN, promoting degradation of AN and the release of cyanide ions (Sumner et al. 1999; Wang et al. 2002) .
In conclusion, our results suggest that AN affects AChE activity in both blood and brain in a hormetic manner. Pretreatment with ethanol modifies the effects of AN on AChE activity. Whether the parent AN or its metabolites play a more important role in modulating cholinergic function has yet to be determined.
